Introduction {#s1}
============

Enteric fever is a communicable and foodborne disease accounting for a global incidence of 26.9 million each year, and remains a serious public health issue in many developing countries (Buckle et al., [@B3]). Enteric fever is predominantly caused by the human restricted pathogens *Salmonella enterica* serovar Typhi and *S*. Paratyphi A (Crump and Mintz, [@B6]). *S*. Typhi is more common than *S*. Paratyphi A globally. However, in recent years, the morbidity of *S*. Paratyphi A-caused enteric fever has remarkably increased, particularly in some areas of Asia (Ochiai et al., [@B23]; Crump and Mintz, [@B6]; Sahastrabuddhe et al., [@B26]; Waddington et al., [@B34]). Currently licensed vaccines for enteric fever, oral live vaccine Ty21a, Vi subunit vaccine, and Vi-conjugate vaccine, are all based on *S*. Typhi, and confer inadequate cross immunoprotection against *S*. Paratyphi A infection (Sahastrabuddhe et al., [@B26]). Thus, vaccines against the infection of *S*. Paratyphi A are urgently required. Furthermore, because the epidemic areas of *S*. Typhi and *S*. Paratyphi A are largely overlapped (Crump and Mintz, [@B6]), a bivalent vaccine covering the two serovars is apparently a better choice than a monovalent vaccine in the control strategy of enteric fever.

Human infection with enteric fever pathogens normally occurs through the consumption of contaminated food or water (Dougan and Baker, [@B9]). Attenuated vaccines administered orally mimic the mucosal and systemic immune responses elicited by natural infection, and present multiple advantages. Particularly, the stimulation of mucosal immune response not only protects against disease but also reduces colonization and subsequent pathogen transmission to other susceptible hosts (Guzman et al., [@B12]). Taking advantages of live oral vaccine, we propose that engineering synthesis of a defined *S*. Typhi-specific protective antigen in *S*. Paratyphi A attenuated strain may generate a promising bivalent vaccine candidate.

Of the protective antigens in *S*. Typhi, the Vi capsular polysaccharide has been well-documented in term of biosynthesis and vaccine development (Hu et al., [@B13]). Vi is characteristically produced in most isolates of *S*. Typhi, whereas it is deficient in *S*. Paratyphi A (Hu et al., [@B13]). The biosynthesis of Vi is encoded by the *viaB* operon consisting of 10 genes that are associated with regulation of Vi expression (*tviA*), polysaccharide synthesis (*tviBCDE*), translocation, and cell attachment (*vexABCDE*) (Hu et al., [@B13]). The Vi polysaccharide plays a critical role in pathogenicity of *S*. Typhi by facilitating bacterial resistance to complement-mediated killing and phagocytosis (Robbins and Robbins, [@B25]; Liaquat et al., [@B19]; Hu et al., [@B13]). Vi also serves as a primary protective antigen of *S*. Typhi (Wong et al., [@B37]). Therefore, Vi subunit vaccine is now extensively used in preventing typhoid fever (Acharya et al., [@B1]; Klugman et al., [@B17], [@B18]; Date et al., [@B7]). Given the defined role of the Vi polysaccharide in inducing protective immunity against *S*. Typhi infection, we attempted to construct a *S*. Paratyphi A attenuated strain with recombinant synthesis of the Vi polysaccharide.

In the present study, we introduced the *viaB* locus of *S*. Typhi into the chromosome of *S*. Paratyphi A CMCC50093. The Vi-producing strain was subsequently attenuated by deleting two virulence loci, *htrA* and *phoPQ*, to achieve a bivalent vaccine candidate. Our data show that *S*. Paratyphi A stably accommodated the *viaB* locus and produced the Vi polysaccharide. Nasal vaccination of the bivalent vaccine candidate resulted in striking serum and mucosal antibiody responses, and showed significant protective efficiency, in a mouse model, against challenges of the wild-type strain of *S*. Typhi, as well as the wild-type strain of *S*. Paratyphi A.

Materials and methods {#s2}
=====================

Ethics statement
----------------

Animal experiments were carried out in accordance with the Guideline on the Humane Treatment of Laboratory Animals of the Ministry of Science and Technology of China. The protocol was reviewed and approved by the laboratory animal welfare and ethics committee of Third Military Medical University.

Strains and plasmids
--------------------

*S*. Typhi Ty2 and *S*. Paratyphi A CMCC50093 were purchased from The National Center for Medical Culture Collections (Beijing, China). *Escherichia coli* HB101 was a gift from Dr. Jing Wang of Third Military Medical University. *E*. *coli* S17-1/λpir was a gift from Dr. Victor de Lorenzo of the Centro Nacional de Biotecnologia CSIC, Spain. Plasmid pSTV28a (Takara, Dalian, China) was used for cloning the *viaB* operon. The suicide plasmid pYG4 constructed previously in our laboratory (Xiong et al., [@B38]), was used for integrating the *viaB* locus into the chromosome of *S*. Paratyphi A as well as subsequent deletions of virulence genes. Unless mentioned otherwise, bacteria were grown in an animal-product free medium containing 1% vegetable peptone, 0.5% yeast extract, and 1% NaCl. Antibiotics were used, as appropriate, in following concentrations: kanamycin 50 μg/ml; chloramphenicol 34 μg/ml. Primers used in the present study are listed in Table [1](#T1){ref-type="table"}.

###### 

**List of primers used in the present study**.

  **Primers**   **Sequence**                                                       **Note**
  ------------- ------------------------------------------------------------------ ------------------------------------------------------
  viaB-F        5′-cggggtaccagtatgacgttctgacggtt -3′                               For amplification of the *viaB* locus
  viaB-R        5′-cggggtaccattttcagctctgaagtaca -3′                               
  PNk1          5′-agatctggcgatgaaacgtgaaactc -3′                                  For amplification of up-stream sequence of *phoN*
  PNk2          5′-gacataagtctggtacctgacgtctattgcgtggagtaaagaagaacgccc -3′         
  PNk3          5′-cacgcaatagacgtcaggtaccagacttatgtctctgtaacatattccagg -3′         For amplification of down-stream sequence of *phoN*
  PNk4          5′-catatgagcctatggctgggttt -3′                                     
  PNk5          5′-agcagcacgcaatatttcaatgat -3′                                    For PCR-identification of the *viaB* locus
  PNk6          5′-ggctcatatcgacatgatagatat -3′                                    
  Pk1           5′- cccgggcccccttacaccacccagattga -3′                              For amplification of up-stream sequence of *phoPQ*
  Pk2           5′- cccgttataaatttggagtgtgaaggttattgcgtgctcttctcccttgtgttaac -3′   
  Pk3           5′- ccccacgcaataaccttcacactccaaatttataacacatttctgcgcgttcttcc -3    For amplification of down-stream sequence of *phoPQ*
  Pk4           5′- cccgagctcccggatcgctgtagtatgta -3′                              
  Pk5           5\' -gggcatatggctattcgggtacgtcggcg-3\'                             For PCR-identification of *phoPQ*-deletion
  Pk6           5\' -gggcatatggtttagcggacgatgcgtaa-3\'                             
  Hk1           5′- gggcatatgcttcagttagcgccttacag -3′                              For amplification of up-stream sequence of *htrA*
  Hk2           5′- gttataaatttggagtgtgaaggttattgcgtgtaatgtggtttttttcatgt -3′      
  Hk3           5′- cacgcaataaccttcacactccaaatttataaccgtggtgatagttctattta -3′      For amplification of down-stream sequence of *htrA*
  Hk4           5′- gggagatctgcgccacgcgaaaacgtagc -3′                              
  Hk5           5′- aaaaagtgatgccatcggtg -3′                                       For PCR-identification of *htrA*-deletion
  Hk6           5′- aggctgattttgctgccgac -3′                                       

Slide-agglutination assay
-------------------------

The synthesized Vi in tested bacteria was determined by slide-agglutination assay. Briefly, 10 μl of fresh cultures of the tested bacteria were dropped on a slide, and mixed thoroughly with an equal volume of Vi-diagnostic serum (Tianrun Bio-pharmaceutical Co., Ningbo, China). Aggregations formed within 1 min were recognized as positive reactions. Vi-encapsulated *S*. Typhi Ty2 strain was used as a positive control. *S*. Paratyphi A CMCC50093 (Vi^−^) was used as a negative control.

Cloning of the *viaB* locus
---------------------------

The *viaB* locus (\~13.9 kb) was PCR-amplified from genomic DNA of *S*. Typhi Ty2 by PrimeSTAR Max high fidelity DNA polymerase (Takara, Dalian, China) with primers viaB-F and viaB-R (Table [1](#T1){ref-type="table"}). PCR was performed under the following conditions: 5 cycles of 98°C 10 s, 55°C 15 s, 72°C 10 min; 25 cycles of 98°C 10 s, 68°C 10 min. PCR product was gel-extracted using Wizard SV Gel and PCR clean-Up system (Promega, USA). After *Kpn* I-digestion, the amplified fragment was inserted into a low copy vector, pSTV28a, transformed into *E*. *coli* HB101 by electroporation and selected on agar plates containing 34 μg/ml chloramphenicol. Recombinant plasmids were identified with *Kpn* I-digestion, and then sent for DNA sequencing (BGI, China). Function of the *viaB* locus in *E*. *coli* was determined by slide-agglutination with Vi-diagnostic serum as described above. The identified recombinant plasmid was named pSTV28-viaB.

Introducing the *viaB* locus into the chromosome of *S*. Paratyphi A
--------------------------------------------------------------------

*S*. Paratyphi A CMCC50093 was utilized as the host strain in which the *phoN* gene was replaced with the cloned *viaB* locus. The *phoN* gene encodes an acidic phosphatase irrelevant to pathogenesis and is considered a neutral locus (Winter et al., [@B36]).

The suicide plasmid pYG4 was used as a vehicle for gene-replacement, which was manipulated as described previously (Xiong et al., [@B38]) and shown in Figure [1A](#F1){ref-type="fig"}. Briefly, upstream and downstream sequences of the *phoN* gene of *S*. Paratyphi A were amplified and combined by overlap PCR with primers PNk1 and PNk2, as well as PNk3 and PNk4. A *Kpn* I site was designed in 5′-terminals of PNk2 and PNk3, thus, a *Kpn* I site in the center of fusion fragment was generated by PCR. The PCR product was then digested with restriction enzymes of *Bgl* II and *Nde* I, and inserted into pYG4 to create pYG4-phoNUD. The *viaB*-containing fragment was cut from pSTV28-viaB by *Kpn* I, inserted into pYG4-phoNUD at the *Kpn* I site between the upstream and downstream sequences of *phoN*, and identified with *Kpn* I-digestion and slide-agglutination. The resultant plasmid was designated as pYG4-viaB.

![**Construction of the *viaB*-containing *Salmonella enterica* serovar Paratyphi A strain. (A)** Schematic diagram of strain construction. The *viaB* locus from *Salmonella enterica* serovar Typhi Ty2 was introduced into the chromosome of *S*. Paratyphi A by homologous replacement of *phoN*, a neutral gene of *Salmonella*. **(B)** PCR identification of the constructed strain. Relative positions of primers are indicated in schematic diagram. **(C)** The constructed strain, SPAVi, produces Vi leading to agglutination with Vi-specific antiserum. (SPA is abbreviation for *S*. Paratyphi A; SPAVi for *viaB*-containing *S*. Paratyphi A; ST for *S*. Typhi).](fcimb-07-00135-g0001){#F1}

The recombinant plasmid pYG4-viaB was transferred into *S*. Paratyphi A CMCC 50093 with electroporation, and selected for chromosomal plasmid-integrated strain with kanamycin resistance. The kanamycin-resistant strain was grown in liquid medium without antibiotics overnight and then counter-selected on agar plates supplemented with 5% of sucrose. The *S*. Paratyphi A strain with gene-replacement was screened by PCR, and further identified by slide-agglutination with the Vi antiserum. The resultant strain was named SPAVi.

Deletion of *htrA* and *phoPQ* in SPAVi
---------------------------------------

To attenuate SPAVi, two virulence loci, *htrA* and *phoPQ*, were deleted. Gene-deletion was performed similarly to the manipulation of the gene-replacement except that a fusion DNA fragment consisting of the upstream and downstream sequences of the target gene was constructed in pYG4. The resultant Vi-producing attenuated strain was named SPA-VPH.

Assessment of stability of the *viaB* locus in the chromosome of *S*. Paratyphi A
---------------------------------------------------------------------------------

The *viaB*-bearing attenuated strain SPA-VPH was repeatedly passaged for over 200 times on agar plates. Vi-production of various generations was determined by dot immunoblotting. Fresh cultures of tested bacteria were inoculated into liquid medium at a ratio of 1:1,000 and incubated at 37°C for 4 h. The bacteria were harvested and resuspended in phosphate buffered saline (PBS, pH7.4) to an optical density (OD) of 0.8 at 600 nm. An equal volume of 10% SDS was added to lyse bacteria. Five microliters of 100-fold diluted lysates were added onto a nitrocellulose membrane. After drying at 60°C for 10 min, the membrane was blocked in PBST (PBS supplemented with 0.01% tween 20) containing 5% bovine serum albumin for 60 min, and then incubated in the Vi antiserum diluted at 1:3,000 in PBST for 30 min. After washing four times with PBST, secondary antibody (horseradish peroxidase conjugated goat anti-rabbit IgG, 1:5,000) was added and incubated for 30 min. The Vi polysaccharides were visualized with enhanced chemiluminescence detection kit (Thermo Scientific, USA).

Assessment of osmotic regulation of the Vi synthesis in Vi-producing bacteria
-----------------------------------------------------------------------------

Thirty microliters of bacterial suspension (0.05 OD~600~) of *S*. Typhi Ty2 or SPA-VPH were inoculated in 50 ml of Luria broth (LB) with varied NaCl concentrations from 0.1 to 0.7 M. After an overnight-incubation at 37°C with shaking at 200 rpm, the presence of Vi in the tested bacteria was detected by the slide-agglutination assay described above.

Assessment of intracellular survival in THP-1 cell line
-------------------------------------------------------

THP-1 cells were passaged in RPMI-1640 medium supplemented with 10% of fetal bovine serum and inoculated into 12-well plates at 5 × 10^5^ cells/well. Differentiation of THP-1 cells to macrophages was induced in the presence of phorbol myristate acetate (100 nM). Tested bacteria were then inoculated at 5 × 10^6^ colony forming units (CFU) each well. Following 2 h of incubation, cell monolayer was washed thrice with PBS. Extracellular bacteria were eliminated by incubating the cells in growth medium with 100 μg/ml gentamicin for 2 h. Infected cells were then incubated in the growth medium containing 50 μg/ml gentamicin in the remaining time. At 4, 8, and 14 h after bacterial inoculation, cell monolayer was washed with PBS, and lysed with 0.5% Trition X-100 to release intracellular bacteria. Lysates were serially diluted and inoculated on LB agar to enumerate bacteria.

Determination of 50% lethal dose (LD~50~)
-----------------------------------------

The LD~50~ was determined in a gastric mucin mouse model described elsewhere (Xiong et al., [@B39]). Briefly, fresh bacterial cultures were washed with PBS and diluted to 5 × 10^1^, 5 × 10^2^, 5 × 10^3^, 5 × 10^4^, 5 × 10^5^, 5 × 10^6^, and 5 × 10^7^ CFU/ml in 10% hog gastric mucin. BALB/c mice (10/group) were intraperitoneally injected with 0.5 ml of the bacterial suspensions, or with PBS as negative control. After inoculation, mice were observed for 72 h, and deaths were recorded.

Bacterial burdens in the livers and spleens of infected mice
------------------------------------------------------------

To further compare the virulence of *S*. Paratyphi A wild-type and SPA-VPH, bacterial loads in the livers and spleens of infected mice were assessed. Briefly, BALB/c mice aged 6--8 weeks (6/group) were infected by intraperitoneal injection with tested bacteria in absence of hog gastric mucin, at doses of 2.5 × 10^3^, 2.5 × 10^4^, and 2.5 × 10^5^ CFU per mouse. Infected mice were sacrificed on 7 day post-infection, and the livers and spleens were homogenized and serially diluted in sterile PBS. Bacterial numbers were determined by culture and colony counting.

Immunoprotection against wild-type challenges of *S*. Typhi and *S*. Paratyphi A
--------------------------------------------------------------------------------

Female BALB/c mice (10 per group) aged 6--8 weeks were nasally immunized with 2.0 × 10^9^ CFU of SPA-VPH, or PBS (negative control). On the 30 day after administration, immunized mice were intraperitoneally injected with 10-fold diluted bacterial suspensions of *S*. Typhi Ty2 or *S*. Paratyphi A wild-type strain from 2.5 × 10^1^ to 2.5 × 10^7^ CFU suspended in 10% gastric mucin. PBS-immunized mice were challenged with bacterial suspensions at doses from 2.5 × 10^1^ to 2.5 × 10^4^ CFU per mouse. After challenges, deaths of mice were monitored within 72 h.

Determination of levels of anti-Vi IgG in the sera of immunized mice
--------------------------------------------------------------------

BALB/c mice (6 per group) were nasally administered with SPA-VPH at 2.0 × 10^9^ CFU/mouse, or PBS. On the 0, 15, 30 day postvaccination, serum and intestinal samples were harvested. Levels of Vi-specific IgG in mice sera were determined with a Mouse S. Typhi Vi IgG ELISA kit (Alpha Diagnostic Intl. Inc., New Jersey, USA) according to the manufacturer\'s instructions.

Determination of levels of *S*. Paratyphi A-specific IgGs in the sera of immunized mice
---------------------------------------------------------------------------------------

LPS and flagellin of *S*. Paratyphi A were isolated and purified as described elsewhere (Xiong et al., [@B39]). Levels of IgGs against LPS and flagella were measured by ELISA as described previously (Xiong et al., [@B39]).

Determination of total sIgA in the intestinal contents of the immunized mice
----------------------------------------------------------------------------

Samples of intestinal contents of the immunized mice were collected at indicated time points. After 20-fold dilution, total sIgA levels were measured using a Mouse Secretory Immunoglobulin A ELISA Kit (CUSABIO, China) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

LD~50~ was calculated by probit analysis using SPSS software. Student\'s unpaired *t*-test was used to compare group means. Survival rates were analyzed by Fisher\'s exact test. Values of *P* \< 0.05 were regarded as statistically significant.

Results {#s3}
=======

Cloning of the *viaB* locus from *S*. Typhi to the chromosome of *S*. Paratyphi A
---------------------------------------------------------------------------------

The entire *viaB* locus (\~13.9 kb), which contains 10 genes accounting for the Vi synthesis and export, as well as the *tviA* promoter, was amplified by PCR with a high fidelity DNA polymerase, and inserted into pSTV28 creating pSTV28-viaB. Sequencing analysis of the resultant plasmid revealed no mutation in the *viaB* region. Consistently, the *viaB*-bearing plasmid can synthesize Vi in *E*. *coli* HB101, leading to positive agglutination with the Vi-specific antiserum. However, distinct expression stability of pSTV28-viaB was observed in various *E. coli* host cells. *E*. *coli* HB101 can stably host the Vi expression encoded by pSTV28-viaB, whereas *E*. *coli* DH5α can not. Several passages in chloramphenicol-containing liquid medium led to loss of the Vi synthesis in *E*. *coli* DH5α. Hence, *E*. *coli* HB101 cells were used as host bacteria for the replication of pSTV28-viaB in the present study.

From pSTV28-viaB, the *viaB* fragment was removed and inserted between the upstream and downstream sequences of *phoN* in the pYG4-phoNUD plasmid resulting in pYG4-viaB. By homologous recombination, the *phoN* gene in the chromosome of *S*. Paratyphi A CMCC50093 was replaced with the cloned *viaB* locus of pYG4-viaB (Figure [1A](#F1){ref-type="fig"}), resulting in a Vi-producing strain, SPAVi, determined by PCR and the slide-agglutination assay (Figures [1B,C](#F1){ref-type="fig"}).

Construction of the *viaB*-containing attenuated strain of *S*. Paratyphi A
---------------------------------------------------------------------------

Two virulence loci, *htrA* and *phoPQ*, were deleted by homologous recombination to attenuate SPAVi (SFigure [1](#SM1){ref-type="supplementary-material"}). The *htrA* gene encodes a stress response protease required for eliminating misfolded or damaged proteins in periplasmic space (Clausen et al., [@B5]; Skorko-Glonek et al., [@B29]). PhoPQ serves as a two-component regulatory system, which regulates the expression of several virulence genes, and plays a crucial role in pathogenesis (Miller et al., [@B21]). Both *htrA* and *phoPQ* have been extensively used in attenuating bacteria (Galán and curtiss, [@B10]; Chatfield et al., [@B4]; Karasova et al., [@B16]; Singh et al., [@B28]; Zhu et al., [@B41]).

The resulting vaccine candidate, SPA-VPH, has reduced intracellular replication in THP-1 cells compared to the wild-type *S*. Paratyphi A (Figure [2](#F2){ref-type="fig"}). The LD~50~ of SPA-VPH assessed in the mucin mouse model is 1.91 × 10^6^ CFU, \~40,000 times higher than that of the wild-type strain (4.88 × 10^1^ CFU), showing a striking reduction in virulence (Figure [3A](#F3){ref-type="fig"}). In agreement with this, poor persistence of SPA-VPH in the livers and spleens of infected mice was observed (Figure [3B](#F3){ref-type="fig"}).

![**Intracellular survival of *Salmonella enterica* serovar Paratyphi A wild-type and SPA-VPH in THP-1 cells**. Fresh cultures of tested bacteria, suspended in PBS, were inoculated to the differentiated THP-1 cells at a ratio of 10:1. After 2 h of incubation, extracellular bacteria were eliminated in the presence of 100 μg/ml gentamicin for 2 h. At the indicated time postinoculation, intracellular bacteria were released by addition of 0.5% Trition X-100 and quantitated by culture and colony counting. (^\*\*^*P* \< 0.01).](fcimb-07-00135-g0002){#F2}

![**Deletions of *phoPQ* and *htrA* in the *viaB*-containing *Salmonella enterica* serovar Paratyphi A led to dramatic attenuation in mice model**. **(A)** Survival curve of mice challenged with tested strains. The LD~50~ of *S*. Paratyphi A wild-type and SPA-VPH was assessed in a mucin mouse model. BALB/c mice were challenged with tested bacteria suspended in 10% hog gastric mucin by intraperitoneal injection at indicated doses. Deaths of mice were monitored within 72 h. **(B)** Bacterial burdens in organs of infected mice. Mice were intraperitoneally infected with *S*. Paratyphi A wild-type and SPA-VPH at indicated doses in the absence of hog gastric mucin. On the 7 day postinfection, bacterial persistence in the livers, and spleens of infected mice was assessed by culture and colony counting of tissue homogenates.](fcimb-07-00135-g0003){#F3}

The *viaB* locus is stably maintained in the chromosome of *S*. Paratyphi A
---------------------------------------------------------------------------

The *viaB* locus occurs in *S*. Typhi and *S*. Paratyphi C, two serovars genetically close to *S*. Paratyphi A, however, no natural Vi-encapsulated *S*. Paratyphi A has been isolated so far (Hu et al., [@B13]). This fact led us to speculate that an interfering factor may occur in *S*. Paratyphi A, which repels the stable existence of *viaB* in the chromosome of *S*. Paratyphi A. To address this concern, we examined the Vi synthesis in SPA-VPH, which underwent repeated passages. Despite more than 200 passages performed, no Vi-deficient phenotype was observed in these passaged strains (Figure [4](#F4){ref-type="fig"}). The data suggest that the *viaB* locus from *S*. Typhi can stably exist, and importantly, function under the genetic background of *S*. Paratyphi A.

![**Assessment of Vi-production in various generations of SPA-VPH**. Tested bacteria were suspended in PBS, and lysed by addition of equal volume of 10% SDS. Bacterial lysates were added onto a nitrocellulose membrane. The Vi polysaccharide binding to the membrane was detected with spot immunoblotting and visualized with enhanced chemiluminescence detection kit. Rabbit anti-Vi serum was used as the primary antibody. A goat anti-rabbit immunoglobulin G conjugated with horseradish peroxidase was used as the secondary antibody. Positive control is Vi-encapsulated *Salmonella enterica* serovar Typhi Ty2. Negative control is *Salmonella enterica* serovar Paratyphi A CMCC50093.](fcimb-07-00135-g0004){#F4}

The Vi capsular polysaccharide is under regulation in response to osmolarity in *S*. Typhi (Tartera and Metcalf, [@B33]; Pickard et al., [@B24]; Arricau et al., [@B2]). Vi-positive *S*. Typhi prefers to synthesize Vi in low to medium osmolarity environments with values lower than 0.3 M NaCl, whereas it turns down the Vi synthesis in high osmolarity environment (Pickard et al., [@B24]). To investigate whether the Vi expression of SPA-VPH is also regulated in a like manner, we assayed the Vi synthesis of SPA-VPH and *S*. Typhi Ty2 grown in LB broth with varied concentrations of NaCl. As shown in Table [2](#T2){ref-type="table"}, cells of *S*. Typhi Ty2 and SPA-VPH agglutinated with Vi-specific antiserum when grown in media with NaCl concentrations of 0.1--0.4 M, whereas they no longer agglutinated at concentration of 0.7 M. At NaCl concentrations of 0.5 and 0.6 M, agglutinations were weak but observable; tiny aggregates were usually formed at 3--4 min after mixing of bacterial suspensions with the Vi antiserum. The data of our study slightly differs from those of a previous study by Pickard et al. ([@B24]). In their investigation, *S*. Typhi bacteria cultured in the presence of 0.5--0.7 M NaCl did not agglutinate with the Vi antiserum. The minor difference likely reflects the distinct sensitivity of the antisera used in the two studies. However, it does not prevent our conclusion that SPA-VPH and *S*. Typhi share a same pattern of osmolarity regulation of the Vi synthesis.

###### 

**Vi slide-agglutination reactions of *Salmonella enterica* serovar Typhi Ty2 and SPA-VPH grown in the presence of NaCl with varied concentrations**.

  **NaCl concentration in LB (M)**   ***S*. Typhi Ty2**   **SPA-VPH**
  ---------------------------------- -------------------- -------------
  0.1                                \+                   \+
  0.2                                \+                   \+
  0.3                                \+                   \+
  0.4                                \+                   \+
  0.5                                ±                    ±
  0.6                                ±                    ±
  0.7                                −                    −

*nondetectable (−); positive (+); intermediate degree (±); LB (M), Luria Broth (mol/L)*.

Nasal immunization of SPA-VPH induces high level of Vi-specific IgG in BALB/c mice
----------------------------------------------------------------------------------

Due to its host restriction to humans, oral immunization elicits little or no immune response to serovar Typhi in mice model. In contrast, intranasal immunization is effective in inducing immune responses (Galen et al., [@B11]). Therefore, in the present study, the vaccine candidate was given in the intranasal route to examine the immunogenicity of SPA-VPH. As shown in Figure [5A](#F5){ref-type="fig"}, SPA-VPH immunization produced a significant rise in anti-Vi IgG level in mouse serum compared with mock-immunization, indicating that the Vi antigen produced by SPA-VPH is immunogenic in this animal model.

![**Serum and mucosal antibody responses to intranasal immunization with SPA-VPH**. BALB/c mice were nasally administered with SPA-VPH at 2.0 × 10^9^ CFU/mouse. At indicated time points, samples of sera and intestinal contents were harvested. IgG and IgA levels were determined by ELISA. **(A)** Levels of IgG against the Vi of *Salmonella enterica* serovar Typhi in the mouse sera. **(B)** Levels of IgG against the flagellin of *Salmonella enterica* serovar Paratyphi A in the mouse sera. **(C)** Levels of IgG against the LPS of *S. Paratyphi* A in the mouse sera. **(D)** Levels of total sIgA against the cell lysate of *S. Paratyphi* A in the intestinal contents of the mice.](fcimb-07-00135-g0005){#F5}

Since Vi-encapsulation may lead to poor exposure of other surface antigens, and consequently, low production of corresponding antibodies, we further detected the IgG levels of anti-LPS and anti-flagella in mice serum samples. Our results show that the immunization with SPA-VPH yielded high levels of IgGs against LPS and flagella, two important surface antigens of *S*. Paratyphi A (Figures [5B,C](#F5){ref-type="fig"}), suggesting that the Vi production does not abrogate the capability of eliciting immune responses by other surface antigens in SPA-VPH. Furthermore, we measured the total sIgA level in the intestinal contents of immunized mice. A significant increase of the total sIgA level was observed in the immunized mice compared with the mock-immunized mice (Figure [5D](#F5){ref-type="fig"}).

Vaccination of SPA-VPH protects mice from the wild-type challenge by *S*. Typhi or *S*. Paratyphi A
---------------------------------------------------------------------------------------------------

Given the satisfied immunogenicity of SPA-VPH described above, we subsequently assessed the immunoprotection efficacy of SPA-VPH nasally administered in mice. As shown in Figure [6](#F6){ref-type="fig"}, only 20% of PBS-vaccinated mice survived after a challenge of wild-type *S*. Paratyphi A at a dose of 2.5 × 10^2^ CFU/mouse. When challenged with wild-type *S*. Paratyphi A at doses exceeding 2.5 × 10^2^ CFU/mouse, all PBS-vaccinated mice died. In contrast, SPA-VPH-immunization yielded 90% of protection rate in tested mice with a challenging dose of 2.5 × 10^5^ CFU/mouse, and 100% of protection rate challenged at doses below 2.5 × 10^5^ CFU/mouse. Challenges of wild-type *S*. Typhi in immunized mice yielded results comparable to those of wild-type *S*. Paratyphi A (Figure [7](#F7){ref-type="fig"}). Only 10% of mice mock-immunized with PBS survived under a challenge of wild-type *S*. Typhi at 2.5 × 10^2^ CFU/mouse. At the challenge doses more than 2.5 × 10^2^ CFU/mouse, all tested mice died. In contrast, 90% of mice vaccinated with SPA-VPH survived after wild-type *S*. Typhi challenge at 2.5 × 10^5^ CFU/mouse, and no mice died below this dose.

![**Immunoprotection by nasal vaccination with SPA-VPH in BALB/c mice against challenge of *Salmonella enterica* serovar Paratyphi A wild-type**. BALB/c mice were nasally administered with SPA-VPH at 2.0 × 10^9^ CFU/mouse, or PBS as control. On the 30 day postvaccination, immunized mice were intraperitoneally challenged with 10-fold diluted bacterial suspensions of *S*. Paratyphi A wild-type from 2.5 × 10^1^to 2.5 × 10^7^ CFU suspended in 10% gastric mucin. PBS-immunized mice were challenged at doses from 2.5 × 10^1^ to 2.5 × 10^4^ CFU per mouse. After challenges, deaths of mice were monitored within 72 h. Survival percent of PBS-immunized mice at challenging doses from 2.5 × 10^5^ to 2.5 × 10^7^ are regarded as zero.](fcimb-07-00135-g0006){#F6}

![**Immunoprotection by nasal vaccination with SPA-VPH in BALB/c mice against challenge of *Salmonella enterica* serovar Typhi Ty2**. BALB/c mice were nasally administered with SPA-VPH at 2.0 × 10^9^ CFU/mouse, or PBS as control. On the 30 day postvaccination, immunized mice were intraperitoneally challenged with 10-fold diluted bacterial suspensions of *S*. Typhi Ty2 from 2.5 × 10^1^ to 2.5 × 10^7^ CFU suspended in 10% gastric mucin. PBS-immunized mice were challenged at doses from 2.5 × 10^1^ to 2.5 × 10^4^ CFU per mouse. After challenges, deaths of mice were monitored within 72 h. Survival percent of PBS-immunized mice at challenging doses from 2.5 × 10^5^ to 2.5 × 10^7^ are regarded as zero.](fcimb-07-00135-g0007){#F7}

Taken together, the animal experiments demonstrated that single nasal immunization with SPA-VPH in mice can yield adequate immunoprotection against infection caused by either *S*. Paratyphi A or *S*. Typhi.

Discussion {#s4}
==========

Though *S*. Typhi and *S*. Paratyphi A belong to the same species and induce clinically indistinguishable syndromes, they are genetically and phenotypically distinct (McClelland et al., [@B20]; Näsström et al., [@B22]). The most apparent difference between *S*. Typhi and *S*. Paratyphi A is expression of the Vi capsular polysaccharide, which plays a critical role in the pathogenicity of *S*. Typhi, but is deficient in *S*. Paratyphi A (Hu et al., [@B13]). To the best of our knowledge, this is the first attempt at recombinant synthesis of the Vi polysaccharide in *S*. Paratyphi A. This study shows that *S*. Paratyphi A can stably accommodate the *viaB* operon, and synthesizes the Vi antigen *in vitro* and *in vivo*.

Enteric fever was a hyper-endemic infectious disease in China historically. However, the incidence rate of enteric fever has declined markedly in recent years, from 10--50 per 100,000 before 1990 to around 1 per 100,000 during the past 5 years, due to the rapid economic development in the past decades, the improvements in sanitation and water supply, as well as the large-scale use of the Vi polysaccharide vaccine. However, the incidence decrease shows regional differences. In 2012, 78% of enteric fever cases came from seven of the 33 provinces in China: Yunnan, Guizhou, Guangdong, Guangxi, Zhejiang, Hunan, and Xinjiang (Sun et al., [@B30]). In these regions with a total population over 373 million, enteric fever remains a major public health issue.

In 1990s, China began to produce and evaluate the Vi polysaccharide vaccine with the help of scientists from the National Institutes of Health in the United States (Jin, [@B15]). The locally produced Vi vaccine was proven to be effective with a protection rate of 70% in school-aged children and adults (Yang et al., [@B40]). Since then, the Vi vaccine has been using in large scale in China, and plays an important role in the control of enteric fever. For example, an increased coverage of the Vi vaccine in the hyper-endemic areas of Guangxi province led to a sharp decline in enteric fever incidence between 1998 and 1999 (Dong et al., [@B8]). However, during the same period, a serovar conversion from *S*. Typhi to *S*. Paratyphi A was also observed. No reported outbreaks in Guangxi were caused by *S*. Paratyphi A before 1998. After that, *S*. Paratyphi A accounted for most of enteric fever outbreaks (Dong et al., [@B8]). In several other provinces, the incidence of enteric fever caused by *S*. Paratyphi A also increased. In 2012, *S*. Paratyphi A accounted for 36.86% of total laboratory-diagnosed cases of enteric fever in China (Sun et al., [@B30]).

The increasing incidence of paratypoid fever in China as well as several other Asian countries generates a requirement for the development of vaccines against *S*. Paratyphi A infection (Sahastrabuddhe et al., [@B26]). The vaccines based on *S*. Typhi showed inadequate immunoprotection against the infection of *S*. Paratyphi A and vice versa (Simanjuntak et al., [@B27]; Wilde, [@B35]; Xiong et al., [@B39]). These facts indicate that level of the cross immunity between *S*. Typhi and *S*. Paratyphi A is low. Vi is well known for its roles in pathogenicity as well as inducing protective immunity against typhoid fever (Acharya et al., [@B1]; Klugman et al., [@B17], [@B18]; Date et al., [@B7]; Hu et al., [@B13]). Therefore, the *viaB*-bearing *S*. Paratyphi A attenuated strain (SPA-VPH) constructed in the present study, which can stably synthesize the Vi antigen, were evaluated in its immunogenicity. Our data demonstrate that recombinantly produced Vi in *S*. Paratyphi A induced high level of Vi-specific IgG antibody in the sera of the immunized mice, moreover, it did not interfere the immunogenicity of other surface antigens, flagella and LPS, of *S*. Paratyphi A. As a result, nasal administration of SPA-VPH protected mice against the wild type challenge of either *S*. Typhi or *S*. Paratyphi A. These data show that *S*. Paratyphi A strains with Vi-producing capability have potential for being developed to bivalent vaccines.

For an attenuated live vaccine, the optimal balance between safety and immunogenicity must be achieved. Vi is a well-known virulence factor and plays a critical role in pathogenicity of *S*. Typhi (Hu et al., [@B13]). Therefore, the safety of the attenuated Vi-positive *S*. Paratyphi A strain must be evaluated more carefully in clinical trials. Moreover, previous data showed that native or constitutive expressed Vi on live oral typhoid vaccines elicited poor immune responses in human body (Tacket et al., [@B31], [@B32]). Thus, further modifications of the current vaccine candidate are needed before clinical trials. For instance, replacement of the native promoter of *tviA*, which governs the transcription of the *viaB* operon, with an *in vivo* inducible promoter may improve the immunogenicity of Vi, as shown in work by Janis et al. ([@B14]).

In summary, our data demonstrate that *S*. Paratyphi A can accommodate the *viaB* locus from *S*. Typhi, and stably expresses the Vi antigen. The osmoregulation of Vi in *S*. Paratyphi A is analogous to that in *S*. Typhi. The Vi-capsulated *S*. Paratyphi A strain confers an adequate immunoprotection against the infection of *S*. Typhi, which may contribute to the development of bivalent enteric fever vaccine.
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